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MinireviewGraded Positional Information:
Interpretation for Both Fate
and Guidance
guidance (Augsburger et al., 1999), and indeed effects
on axon growth have been identified in members of all
three major known morphogen families—the Hedgehog,
BMP/TGF, and Wnt families (Krylova et al., 2002;
Trousse et al., 2001; Yoshikawa et al., 2003). These stud-
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ies have general implications in considering how spatialBoston, Massachusetts 02115
information may be set up, as systems of potentially
universal positional coordinates, and also in analyzing
the mechanisms by which graded spatial information isRecent evidence indicates that gradients of the same
interpreted.extracellular molecules can act as both morphogens,
Dorsoventral Patterning of the Spinal Cordspecifying cell differentiation, and guidance cues, di-
The spinal cord is a particularly well-studied system forrecting axon movement. We discuss how cells may use
understanding cell fate determination and morphogencommon mechanisms to convert graded information
action. Cues from two geometrically opposed signalinginto discrete responses; and how extracellular signals
centers are thought to divide the spinal cord into do-provide coordinate systems that can be linked to
mains of distinctive cell types at defined positions alonghighly diverse cellular outputs.
the dorsoventral axis (Figure 1). Studies primarily by
the Jessell and McMahon labs first showed that Shh is
produced by the floor plate, a wedge of cells along the“and order from disorder sprung... each had his place
ventral midline of the spinal cord, as well as by theappointed, each his course”
underlying notochord, and that different concentrations—John Milton, Paradise Lost (1667)
of Shh can specify multiple distinct progenitor cell types
in vitro. Additional evidence for Shh acting as a morpho-All metazoans develop from a single cell into an organ-
gen comes from the detection of a ventral  dorsalism with many cell types arrayed in a complex spatial
gradient of Shh protein. Also, expression of a mutantpattern. This organization is generated through the use
form of its receptor Patched (Ptc), or the Ptc-associatedof spatially specific cues, which may control two basic
transducing component Smoothened (Smo), can affectcell properties: differentiation or movement. In both
differentiation cell-autonomously (Jessell, 2000; Marticases, it has long been considered that graded cues
and Bovolenta, 2002). The mechanism of action for Shhare likely to play a key role. Gradients have the advan-
as a morphogen involves repression of class I homeodo-tage that a single signaling molecule can specify a range
main transcription factors, and activation of class IIof positional values, forming a continuous coordinate
homeodomain transcription factors, with additionalsystem over an extended area.
cross-repressive interactions between class I and classThe idea that spatial patterning of differentiation could
II factors (Figure 1; Jessell, 2000). By generating overlap-be specified by gradients of molecules, which would
ping expression domains of these factors, graded Shh isinduce different cell fates at different concentrations,
thought to divide the ventral spinal cord up into distinctwas proposed in a number of early models, notably by
progenitor domains.Wolpert (1969), and several such molecules, known as
The patterning of the dorsal spinal cord is less wellmorphogens, have since been described (Gurdon and
understood, but it is clear that the dorsal roof plate andBourillot, 2001). The proposal that cell motility and polar-
overlying ectoderm play a role in inducing some classes
ity could be oriented by graded cues goes back to the
of dorsal interneurons. Both gain-of-function and loss-
19th century—for example, growing axons were pro-
of-function studies have implicated bone morphoge-
posed to be guided by cues emanating from their target netic proteins (BMPs) and other members of the TGF
(Cajal, 1892), and both diffusible and cell-surface mole- superfamily in dorsal neuron specification. It appears
cules have since been identified that appear to act as that the identity of the induced neurons may depend on
graded axon guidance cues (Dickson, 2002). the specific BMPs present rather than the concentration
Morphogens and axon guidance factors have histori- (Jessell, 2000). Although it is not yet clear whether BMPs
cally been considered as distinct chemical entities, with are functioning as morphogens in the spinal cord, such
very different modes of action. However, recent evi- a role could be plausible in view of the morphogen func-
dence shows that they may not be so different. In the tions identified for TGF superfamily members in other
April 4th issue of Cell, Tessier-Lavigne and colleagues biological systems (Gurdon and Bourillot, 2001).
show that the spinal cord morphogen Sonic hedgehog Axon Guidance: A Missing Floor Plate Attractant
(Shh) can also function as an axonal chemoattractant The spinal cord also provides one of the best-studied
(Charron et al., 2003). This work provides a clear exam- systems for understanding axon guidance. Commis-
ple of a single cue that can act in a graded manner to sural axons (those that cross the nervous system mid-
specify both cell fate and axon guidance. The phenome- line) initially grow toward the floor plate, before crossing
non may, however, be more general. BMPs in the spinal it and adopting different trajectories on the other side
cord also appear to control both cell fate and axon (Figure 1). Pioneering studies by Tessier-Lavigne and
colleagues showed that the floor plate can attract com-
missural axons in vitro, and then used this assay to*Correspondence: flanagan@hms.harvard.edu
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ing. These results provide further support for the idea
that a Netrin-1-independent activity is important for
guidance to the floor plate in vivo.
The identification of the missing floor plate attractant
relied on the rationale that this factor should possess
two key characteristics: it should be expressed in the
floor plate, and should be capable of diffusing to form
a long-range gradient. These criteria led to consider-
ation of Shh. As a first test, Shh was investigated for its
ability to mimic the in vitro activity of Netrin-1-deficient
floor plates. Shh appeared to fulfill this criterion, since
it induced turning of commissural axons within spinal
cord explants, but did not induce commissural axon
outgrowth into collagen. To interpret this result, it was
essential to determine whether the turning of axons
within an explant toward Shh-expressing cells was due
to a direct chemoattractant activity, or whether Shh was
causing turning indirectly by repatterning the explant.
Although several markers of ventral cell fate could be
Figure 1. Cues in the Spinal Cord that Control Both Cell Fate and induced by Shh in dorsal regions of spinal cord explants
Axon Guidance from day 10 embryos, the expression of those markers
A gradient of Shh acts as a morphogen in ventral spinal cord, to was not detectably repatterned in the later day 11 ex-
specify distinct sets of ventral interneurons (V0–V3) and motor neu- plants used for the turning assay. These experiments
rons (MN), in a mechanism mediated by homeodomain proteins with
thus provided no indication that axon turning was across-repressive interactions. It is not known how far toward the
secondary effect of explant repatterning.dorsal spinal cord the Shh gradient may extend. The Shh gradient
Evidence for the ability of Shh to directly attract axonslater acts, together with netrin-1, to attract commissural axons to-
ward the floor plate (FP). BMPs, although less well characterized in was provided by experiments on axons from isolated
providing graded positional information, can act as regulators of Xenopus spinal cord neurons. These axons could be
cell fate and as axon repellents in dorsal spinal cord. induced to turn by a gradient of N-Shh, a soluble Shh
fragment. While these are not necessarily commissural
neurons, the ability of N-Shh to reorient growth conesidentify netrin-1 in 1994 as the first clear example of a
of isolated neurons in vitro shows directly that it can actdevelopmental axon chemoattractant (see references in
as a chemoattractant. These results extend a previousCharron et al., 2003). Soon afterward, the role of netrin-1
study showing that Shh can inhibit retinal axons in vitro,was further confirmed by studies of netrin-1 gene dis-
which had shown its ability to regulate axon growthrupted mice, which were found to have defects in com-
(Trousse et al., 2001).missural axon trajectories. However, it also emerged from
Further experiments tested the role of the canonicalthose studies that netrin-1 did not appear to fully ac-
Shh signaling mediator Smo in commissural axon guid-count for floor plate chemoattraction. Even in netrin-1
ance. Addition of cyclopamine, a Smo inhibitor, to thegene disrupted mice, some commissural axons still
spinal explant turning assay specifically blocked axonalreach the floor plate. Moreover, although floor plates
turning toward sources of Shh. The implication of Smofrom these mutant mice were unable to promote axon
in Shh-induced turning was crucial in designing an inoutgrowth, they could still induce commissural axons
vivo experiment to validate the role of Shh in commis-within explants to turn, suggesting that the floor plate
sural axon guidance: mice that are null for Shh or Smois the source of at least one additional chemoattractant.
have severe defects in neural tube patterning, and soSonic Hedgehog as an Axon Chemoattractant
could not be usefully examined for specific defects inIn their recent work, Charron et al. (2003) set out to
axon guidance. Instead, an elegant genetic approachidentify the missing chemoattractant activity in the floor
was used, based on mice with a conditional inactivationplate. Initially, to assess the existence of the netrin-1-
of Smo that had been generated previously in the McMa-independent floor plate attractant activity further, they
hon lab. These mice were designed using the Cre/loxPexamined the effect of mutation in the Gli2 gene (see
recombinase system, with Cre expression driven in thereferences in Charron et al., 2003), which results in a
dorsal spinal cord by a Wnt-1 promoter acting to gener-lack of floor plate cells. These experiments, as well as
ate a null allele of Smo in Cre-expressing cells. TAG-1the other studies in mice described in the paper, traced
axons in the spinal cords of these mice were found tothe axons by their expression of the marker TAG-1, and
have guidance defects resembling those of the floortherefore apply to a specific subset of spinal commis-
plate deficient Gli2 mutants. Although the fairly broadsural axons. Gli2–/– embryos were found to have defects
conditional inactivation of Smo might in principle havein TAG-1 commissural axon pathfinding, although most
subtle effects on patterning that could indirectly affectaxons still reached the midline and formed a commis-
axon guidance, the region of Smo inactivation appearssure, possibly guided by the remaining periventricular
not to overlap the spinal cord regions thought to beexpression of Netrin-1. Gli2–/–; Netrin-1–/– double mutants
patterned by Shh. These experiments therefore supportdisplayed a more severe defect than Netrin–/– single mu-
a direct in vivo role of hedgehog signaling in guidingtants, and the ventral commissure formed by axons as
they cross the floor plate appeared to be entirely miss- commissural axons to the floor plate.
Minireview
427
Other Morphogens as Axon Guidance Cues?
Shh provides a striking example of a single gradient
functioning as both a morphogen and a chemoattrac-
tant. It seems very plausible that the same principles
may apply in other cases, considering that members of
the TGF and Wnt families are well known to act as
morphogens in various biological systems, and have
also been shown to affect axon growth and guidance.
In another example which involves dorsoventral spinal
cord patterning (Figure 1), BMP7, which is expressed in
the spinal cord roof plate, has been shown to mimic the
ability of roof plate to repel commissural axons within
a spinal cord explant (Augsburger et al., 1999). Two lines
Figure 2. Converting Graded Information into Decisive Outputsof evidence point to a role for BMP7 acting directly to
Axon guidance and cell fate determination by graded cues requireguide these axons. First, BMP7 can induce axon deflec-
that the input, which may be an extremely shallow gradient at the
tion at concentrations which did not cause induction of scale of a single cell or growth cone, be converted into a single
roof plate markers. And second, BMP7 can cause the decisive response. In both cases this is likely to involve analogous
collapse of axonal growth cones from dissociated dorsal systems of feedback loops, and these may involve some common
molecular pathways.spinal cord neurons (which may or may not be commis-
sural neurons). Furthermore, the application of anti-
BMP7 blocking antibody reduced in vitro growth cone these two types of graded cues (Meinhardt and Gierer,
deflection from wild-type roof plates, and roof plates 2000). In both cases, a central requirement is that the
from BMP7 mutant mice caused significantly less axonal fuzzy information provided by a gradient needs to be
deflection than was observed for wild-type roof plates. converted into a single decisive response (Ferrell, 2002;
These last observations show BMP7 to be a required Weiner, 2002). Each differentiating cell chooses only one
component of roof plate chemorepellent activity in vitro. of a few possible fates in response to a morphogen.
There are several recent examples of Wnt family mem- Similarly, the axon acts like a compass, choosing only
bers directly affecting axons, although in none of the one direction of growth at a time. It appears that the
cases has the Wnt involved been shown also to be a ability of the cell to select only a single fate or direction
morphogen. Wnt-7a regulates axonal remodeling in of growth is a trait hardwired into the cell. In other words,
mossy fibers, while Wnt-3 regulates axonal remodeling the cell is internally programmed to select only a single
in NT-3-responsive sensory neurons (Krylova et al., meta-stable state out of multiple options. The function
2002). In Drosophila, Wnt-5 has been shown to play a of extracellular cues is then to bias the choice of which
role in the guidance of commissural axons in the ventral fate or which direction is triggered (Figure 2).
nerve cord (Yoshikawa et al., 2003). In addition to axon The ability of a cell to switch between multiple possi-
guidance, Wnts and their Frizzled receptors are also
ble meta-stable states (that is, multistability) is thought
known to regulate planar cell polarity, although this may
to involve two essential features: feedback loops within
be through an indirect effect on cell fate (Peifer and
the cell (to help maintain a given state, and suppress
McEwen, 2002). It is interesting that the Wnt axon guid-
others), and signaling components with sigmoidal dose-ance response is mediated by Derailed, a receptor in the
response curves (to prevent triggering a state change attyrosine kinase family, rather than the Frizzled receptors
the slightest of cues) (Ferrell, 2002). Since differentiationinvolved in morphogen and planar polarity functions,
and axon guidance are two processes that appear toindicating that the signal transduction machinery down-
exhibit multistability, their regulation may have somestream of a single molecule can use different receptors,
important parallels. In cell fate determination, one mightdepending on whether it is being interpreted as a mor-
expect positive feedback loops to maintain expressionphogen or guidance cue.
of the genes required for determining the cell type, andMechanisms of Gradient Interpretation
negative feedback to repress genes associated withAt first glance, the ways in which cells interpret morpho-
other cell fates. Transcription factors are likely to playgens and chemoattractants appear to be quite different.
a primary role in this, and an example is provided by theIn the original Wolpert (1969) model, differentiating cells
cross-repressive interactions between Shh-responsivewere proposed to choose one of multiple cell fates by
transcription factors in the spinal cord (Jessell, 2000).detecting absolute concentrations of morphogens, and
In axon guidance or other types of chemotaxis, positivethere is experimental evidence for this (reviewed in Gur-
feedback loops are presumed to act locally to promotedon and Bourillot, 2001). In contrast, chemotactic re-
growth in one region, while negative feedback wouldsponses seem to be extremely insensitive to absolute
act laterally, repressing growth elsewhere (Figure 2). Anconcentration, and are instead thought to involve de-
additional slow negative feedback loop may be required,tecting a gradient of concentration across the cell or
so that the cell is not permanently locked into a singlegrowth cone. Moreover, converting a specific morpho-
choice of direction (Meinhardt and Gierer, 2000). Whilegen concentration into the appropriate cell fate is gener-
the molecular basis for these regulatory loops are notally thought to occur at the level of transcription. In
yet well understood in guidance, it has been proposedcontrast, converting a concentration gradient into direc-
that Rho family GTPases and PIP3 may play key rolestional movement is clearly a cytoplasmic process.
(Weiner, 2002).Despite these differences, there are likely to be some
common underlying principles in the interpretation of Interestingly, it appears that some of the same signal-
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ing cascades may be harnessed in both cell fate deter- has become evident that individual pathways, for exam-
mination and axon guidance. The MAP kinase pathway ple the MAP kinase cascade, can trigger widely diver-
is implicated in the switch-like behavior of Xenopus oo- gent outputs. Moreover, in cases where the downstream
cyte differentiation, in which context it has been shown pathways are not suitable, evolution may simply adopt
to exhibit positive feedback loops, and also sigmoidal new ones; for example Wnts can control cell fate and
responses (sometimes termed ultrasensitivity) gener- planar polarity using Frizzled receptors, which signal
ated by mechanisms such as non-processive multiple through at least three downstream pathways (Peifer and
phosphorylations (Ferrell, 2002). The MAP kinase path- McEwen, 2002), and additionally can control axon guid-
way is now also implicated in axon guidance, and we ance using Derailed, an entirely different class of recep-
would suggest that the pathway might be used in this tor (Yoshikawa et al., 2003).
context to help trigger a decisive choice of direction. It More generally, such considerations suggest that the
will be interesting to investigate further the exact mecha- primary function of extracellular signaling molecules can
nisms of action for the MAP kinase cascade, which has be viewed as providing a robust and informative coordi-
been proposed to modulate axon responsiveness, or to nate system of spatial and temporal information. The
directly mediate growth cone turning (see Steward, interpretation of this information may then be universal,
2002, and references therein). Now that Shh, acting in the sense that it can potentially regulate any cellular
through Smo, is implicated in both axon guidance and activity: gene expression, motility, shape, polarity, adhe-
differentiation, it will also be interesting to see to what sion, and so on. This view has practical implications,
extent the signaling components downstream of Smo since it puts a strong emphasis on the importance of
are conserved between the morphogen and chemoat- expression patterns of signaling molecules, and sug-
tractant responses, and whether the pathways exhibit gests one should be open minded in considering poten-
feedback and ultrasensitivity. tial downstream functional readouts. Finally, an impor-
While intracellular mechanisms can ensure a decisive tant feature of biological systems is that they should
response of individual cells, such mechanisms alone be adaptable in evolution, or evolvable (Kirschner and
may not be sufficient to produce precise patterns over Gerhart, 1998). Evolvability may be greatly enhanced by
an extended tissue containing many cells or axons. For the division of positional cues, and the interpretation of
example, multistability in the cell fate response to a those cues, into separate modules. This can provide a
morphogen is likely to generate a salt-and-pepper pat- general mechanism so that the same positional coordi-
tern of interspersed cell types near a boundary, rather nate systems can be used even in widely divergent tis-
than a sharp division. These imprecisions can be cor- sues and organisms, controlling either fate or movement
rected by refinement mechanisms involving cell-cell in- to specify the ultimate spatial organization.
teractions. Several such mechanisms have been identi-
fied, which can operate by regulation of either cell fate, Selected Reading
including survival, or cell movement. Boundaries can be
Augsburger, A., Schuchardt, A., Hoskins, S., Dodd, J., and Butler,sharpened by lateral signals affecting cell differentiation
S. (1999). Neuron 24, 127–141.(Sanson, 2001). Imprecision can also be corrected by
Cajal, S.R. (1892). The Structure of the Retina (Springfield, IL:apoptotic elimination of cells that are in the wrong loca-
Thomas).tion; or cells with axons that fail to reach the right target
Charron, F., Stein, E., Jeong, J., McMahon, A.P., and Tessier-(Flanagan, 1999). Refinement may also occur through
Lavigne, M. (2003). Cell 113, 11–23.
adhesive or repellent interactions which can reassort
Dickson, B.J. (2002). Science 298, 1959–1964.cells to sharpen a boundary between compartments; or
Ferrell, J.E., Jr. (2002). Curr. Opin. Cell Biol. 14, 140–148.by interactions among axons which reassort them to
Flanagan, J.G. (1999). Nature 401, 747–748.ensure smooth and precise filling of a target area (Wilkin-
Gurdon, J.B., and Bourillot, P.Y. (2001). Nature 413, 797–803.son, 2001).
Jessell, T.M. (2000). Nat. Rev. Genet. 1, 20–29.Universality of Positional Information?
Kirschner, M., and Gerhart, J. (1998). Proc. Natl. Acad. Sci. USA 95,Does the use of Shh as both a morphogen and chemoat-
8420–8427.tractant in the spinal cord suggest anything about the
Krylova, O., Herreros, J., Cleverley, K.E., Ehler, E., Henriquez, J.P.,evolution and general principles of spatial organization?
Hughes, S.M., and Salinas, P.C. (2002). Neuron 35, 1043–1056.Setting up a graded positional cue is unlikely to be
Marti, E., and Bovolenta, P. (2002). Trends Neurosci. 25, 89–96.simple, if the gradient is to be stable and robust in
Meinhardt, H., and Gierer, A. (2000). Bioessays 22, 753–760.development, and scalable in evolution. In fact, morpho-
Peifer, M., and McEwen, D.G. (2002). Cell 109, 271–274.gen gradients appear to be shaped by complex mecha-
Sanson, B. (2001). EMBO Rep. 2, 1083–1088.nisms, including countergradients of antagonists, trans-
mission by repeated endocytosis and resecretion, Steward, O. (2002). Cell 110, 537–540.
complex lipid modifications, and modulation of spread- Trousse, F., Marti, E., Gruss, P., Torres, M., and Bovolenta, P. (2001).
Development 128, 3927–3936.ing by binding to molecules on cell surfaces or extracel-
lular matrix (see references in Gurdon and Bourillot, Weiner, O.D. (2002). Curr. Opin. Cell Biol. 14, 196–202.
2001). Viewed in this light, it is not surprising that evolu- Wilkinson, D.G. (2001). Nat. Rev. Neurosci. 2, 155–164.
tion, having set up a successful gradient system such Wolpert, L. (1969). J. Theor. Biol. 25, 1–47.
as Shh, would exploit it for multiple purposes. How gen- Yoshikawa, S., McKinnon, R.D., Kokel, M., and Thomas, J.B. (2003).
eral is this use of positional signals for widely divergent Nature 422, 583–588.
outputs likely to be? The range of interpretations avail-
able for a particular cue might be limited by the nature of
its downstream signaling pathways. On the other hand, it
